Abstract-A new stability criterion based on numerical computing and simulation for nonlinear time-invariant systems is presented. It provides a standard and simple way to construct the energy-like function. The relevant proof has been given to justify this stability criterion. In the environment of MATLAB ，this method is successfully applied on a practical industrial process control system with time-delay. The validity of this stability criterion is proved.
I. INTRODUCTION
For a control system, the first and most important question about its various properties is whether it is stable, because an unstable control system is typically useless and potentially dangerous. For nonlinear control systems, usually the Lyapunov's direct method is employed to analyze their stability property. For many nonlinear systems, unfortunately, the Lyapunov functions are very difficult to construct [1] [2] .
Since Russian mathematician A. M. Lyapunov published his work The General Problem of Motion Stability in 1892, many refinements of Lyapunov's methods have been developed. But up till now, there is not a general way to construct Lyapunov functions. This is the main drawback of Lyapunov stability theory. The reason is that Lyapunov's direct method requires a monotonic decline energy-like function to be the Lyapunov function, and the condition for system stability is a sufficient condition. For many intelligent control systems, such as fuzzy control systems and ANN control systems, it is very hard (often impossible) to find such an energy-like function. Even if the Lyapunov function cannot be constructed for such a system, the system may also be stable.
Computer technology (both hardware and software) has been developing dramatically for last a few decades. Intelligent control systems, which are usually nonlinear and highly-coupled, have also been developing rapidly. A convenient method to analyze the stability of intelligent control systems is highly demanded.
With modern computers and excellent software such as MATLAB, computer simulation and numerical computing has become a possible solution to analyze the stability of nonlinear control systems.
In this paper, a new stability criterion based on numerical computing and simulation for nonlinear time-invariant systems is presented. The sum of squares of state variables ( ) ss V t is chosen as a standard energy-like function. It expands the sufficient conditions of the direct method of Lyapunov stability theory into necessary and sufficient conditions for local stability. Theoretic proof is given in this paper. As an example of application, the stability criterion presented in this paper is employed in the stability analysis for a practical process control system with time-delay. The parameter-adaptive Smith predictor is employed in the control system. The validity of this stability criterion is proved by the experiment result.
II. NEW STABILITY CRITERION
First of all, let us investigate the following nonlinear time-invariant system as an example.
By conventional Lyapunov's direct method, a positive definite function is selected For a nonlinear time-invariant system, there are 4 kinds of possible modes of movement around its equilibrium state: 1) asymptotic convergent; 2) divergent; 3) tenable oscillation in the form of limit circles; 4) stand still at some non-equilibrium points. And for time-invariant systems, when a system is stable, it is uniformly stable (i.e. the system's stability property does not depend on 0 It should be pointed out that the following theorem is not applicable to time-variant systems. Because the parameters of a time-variant system might change with time, which may cause the system's states stand still at some points for a while and then diverge. Strictly speaking, all physical systems are time-variant, because none of their dynamic characteristics is strictly time-invariant. Like the concept of a linear system, the concept of a time-invariant system is idealized notion. In practice, however, system properties often change very slowly, and we can neglect their time variation without causing any practically meaningful error.
Theorem: For a nonlinear time-invariant system ( ) = X f X (5) Here [ ] B is a ball with its center at origin and its radius ε ).
Then the necessary and sufficient condition for system (5) to be locally asymptotic stable at the equilibrium point = X 0 is: by numerical computing or computer simulation, after a reasonable long time, its function of sum of squares of state variables converges to zero, i.e. (5) is asymptotic stable at the equilibrium point = X 0 . Since the system is time-invariant, system (5) With the above theorem, we do not have to look for a Lyapunov function that is very hard and sometimes even impossible to construct. We only need to compute and plot its standard energy-like function (i.e. the sum of squares of state variables ( ) ss V t ). If it converges to zero, then the system is asymptotic stable. If it diverges, then the system is unstable. If it stands still at some non-equilibrium points, then the system is stable under the definition of Lyapunov.
The conditions in Lyapunov direct method are sufficient conditions. And in the theorem presented in this paper, they are necessary and sufficient conditions. The continuing advances in computer technology make this stability criterion the most convenient criterion for nonlinear time-invariant systems.
Remark 1: In Lyapunov's stability theory, the condition " V is positive definite and V is negative definite" guarantees "the system is globally stable, if Remark 2: The trustworthiness-degree of the traditional Lyapunov stability theory depends on the approximatedegree between the practical system and its mathematic model. If its mathematic model does not represent the practical system presicely, although Lyapunov's theory tells that the system is stable, the system may actually be unstale. And the trustworthiness-degree of the stability criterion presented in this paper depends on the approximate-degree between the practical system and its simulation model. Under the environment of MATLAB/Simulink, the simulation model of a system is based on its mathematic model. There is no evident difference between them. If the simulation algorithm and step are properly selected, the trustworthinessdegree of these two stability criteria is equivalent.
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III. PARAMETER ADAPTIVE SMITH-PREDICTOR PROCESS CONTROL SYSTEM
As an application example, the following process control system with time delay is investigated. For a practical engineering project that is a nylon-bamboo compounded material production line, the pressure in the drying pot is controlled by adjusting the valve (refer to Fig.2.) .
The melted caprolactam was transported into the drying pot. In order to make nylon, caprolactam should be very dry. The vacuum pump is working at a constant speed to vacuum the pot. Dry nitrogen brings water out of the caprolactam to make it very dry and ready for chemical reaction. This is a typical control system for process industrial plant. First of all we setup its mathematic model and simplify the model, and we get the diagram of Fig.3 .
The transfer functions in the Fig.3 . are:
Theoretically, the delay time can be totally compensated. But for most practical process control systems, the parameters may change to some extent. If the conventional Smith predictor is employed, the system performance will be deteriorated and even cause the system to be unstable. Smith prediction control scheme [5] , and satisfying control result was achieved.
For the drying pot pressure control, we got the transfer functions through measurement. In order to tell the stability of the control system, we may apply the stability criterion presented in this paper.
Under the environment of MATLAB/Simulink, the simulation model is composed for the pressure control system with parameter-adaptive Smith predictor (Fig.5.) . shows the simulation result. According to the stability criterion of this paper, the system is stable. And the experimental result proved that the system is stable. The computer science and technology has been greatly influencing the way of our life. It has also been deeply influencing the science of "Control Engineering" both theoretically and practically. Computer technology (both hardware and software) has been developing dramatically for the last a few decades. The development of computer technology makes the stability criterion presented in this paper a convenient approach of stability analysis and design for intelligent control systems. More system stability analysis and design methods based on computer simulation and numerical computing for various kinds of systems might be put forward in the future.
